1998; Delheusy and Bels, 1999; Vincent et al., 2006; Freeman and Lemen, 2007;  Recently, prey capture behavior has been demonstrated to not be solely based on the 1 0 5 movements of the feeding elements (e.g., the jaws, the hyolingual apparatus), but rather al., 2008). It is thought to be based on a complex motor control which ensure that their 1 1 0 respective movements are coordinated in time (e.g., synchronized) and space (i.e., fishes with the movements of the jaw and hyoid (e.g., jaw opening, expansion of the fewer data are available, locomotor-feeding integration has been demonstrated in snakes (e.g., Frazzetta, 1966; Janoo and Gasc, 1992; Kardong and Bels, 1998 ; Cundall and Deufel, 1999; Alfaro, 2003; Young, 2010; Herrel et al., 2011) , and lizards (Montuelle Gerrhosaurus major, both the feeding and locomotor movements are observed to be 1 2 0 flexible in response to prey size and mobility (Montuelle et al., 2010) . However, flexibility 1 2 1 in locomotor-feeding integration in response to prey properties itself has yet to be 1 2 2 investigated. To know whether integrated movements can be flexible is thus of interest 1 2 3 for our understanding of the mechanisms that drive complex behaviors like feeding. Similar to some other cordyliform lizards, the prey capture behavior in G. major is characterized by a switch between tongue prehension and jaw prehension depending 1 2 7 on prey type (Urbani and Bels, 1995; Smith et al., 1999; Reilly and McBrayer, 2007;  stems from two different integrative motor patterns that coordinate feeding movements 1 3 0 (i.e., tongue and jaw movements) with those of the locomotor elements (e.g., neck and 1 3 1 forelimb movements; Montuelle et al., 2009a) . Therefore, in G. major, flexibility in 1 3 2 locomotor-feeding integration allows the use of two different prey prehension modes, large, whereas tongue prehension is used for relatively small prey (Montuelle et al., may be a key adaptation for animals with an omnivorous diet. Here we examine flexibility in locomotor-feeding integration in organisms that only use a 1 3 9 single prey prehension mode. Varanid lizards were chosen because they are 1 4 0 omnivorous predators that use jaw prehension for catching different types of prey 1 4 1 (Schwenk, 2000; Vitt et al., 2003; Vitt and Pianka, 2005; Montuelle et al., 2012) .
4 2
Because the success of jaw prehension lies in the positioning of the skull on the prey, of jaw prehension (Montuelle et al., 2012) . Our hypothesis is that because jaw 1 4 7 prehension is utilized successfully and efficiently to capture different prey types, locomotor-feeding integration may be flexible to respond to changes in prey properties. Alternatively, locomotor-feeding integration during jaw prehension may be found of locomotor-feeding integration may be independent from dietary constraints. four prey types (F 3,42 = 7.264, P < 0.001), and post-hoc tests reveal that jaw opening is 4 0 5 initiated while being further away from the prey when striking on grasshoppers (see 4 0 6 Figure 2A , Table 1 ) than when striking on newborn mice (P = 0.013; Figure 2B , Table   4 0 7 1), adult mice (P = 0.036; Figure 2C , Table 1 ) or dead adult mice (P = 0.027; Figure 2D , 4 0 8 Table 1 ). This suggests that varanids stop further away from the prey when preparing a 4 0 9 strike on small evasive prey like grasshoppers, likely to avoid eliciting anti-predator One multivariate factor was defined by the factor analysis, representing 50.9% of the 4 1 8 variance of jaw kinematics. The jaw factor is correlated with time to jaw opening and 4 1 9 maximum gape angle (Table 2A ). In the analysis of variance of the jaw factor, prey type 4 2 0 x individual interaction term is significant indicating individuals respond differently to 4 2 1 changes in prey type. Prey type effect is significant for each individual respectively (F 3,16 4 2 2 = 8.546, P = 0.001; F 3,13 = 14.481, P < 0.001; F 2,8 = 4.921, P = 0.04); see Table 3 for   4  2  3 the individual results of the post-hoc tests. and is correlated with maximum neck elevation (positively) and variation in neck height 4 2 8 during the strike (negatively ; Table 2B ). An analysis of variance reveals that prey type 4 2 9
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT effects are significant on neck factor 1 (F 3,42 = 5.285, P = 0.003) with neck lowering 4 3 0 when striking on grasshoppers whereas it is kept at rest position during the capture of 4 3 1 dead mice (P = 0.001; Figure 5A ; Table 1 ). Individual differences are also significant (Table 2B ). No prey type or individual effects are found on neck factor 2. is correlated positively with variation of elbow angle during the strike and the time to 4 4 0 maximum elbow angle, and negatively with the time to minimum elbow angle (Table   4 4 1 2C). Prey type effects approach significance on elbow factor 1 (F 3,42 = 2.769, P = 0.053;
Figure 5B), but individual effects are not. Elbow factor 2 represents 36.8% and is 4 4 3 correlated with minimum and maximum elbow angle (Table 2C ). The Prey type x 4 4 4 individual interaction term is significant on elbow factor 2, so prey type effects were (Table 3) . To investigate jaw-neck-forelimb integration, correlations between the jaw factor and the and adult mice (r = 0.639, P = 0.002; r = 0.658; P = 0.02, respectively; Figure 6A showing that jaw movements and neck movements are delayed concomitantly during 4 6 2 the capture of evasive prey, demonstrating their integration. Capture of adult mice is 4 6 3 also characterized by the correlation of the jaw factor with neck factor 1 (r = 0.754, P = 4 6 4 0.005; Figure 6B ) as well as with elbow factor 2 (r = 0.599, P = 0.040; Figure 6C ), greater the extension of the forelimb at the elbow joint is. To investigate flexibility in jaw-neck-forelimb integration, we compare the correlation 4 6 9 coefficients between prey types. Only the correlation between the jaw factor and neck
factor 2 is common to the capture of two different prey types (i.e., grasshoppers and 4 7 1 adult mice; Figure 6A ). The Pearson's correlation coefficients are not significantly capture of grasshoppers and adult mice (t = -2.347, P = 0.013), showing that maximum
neck elevation is achieved closer to predator-prey contact during the capture of larger prey (i.e., adult mice) so that the head is raised over the prey item. This indicates that Table 1 ). This indicates that maximum neck elevation is synchronized with the instant of 4 9 0 jaw opening during the capture of small prey, whereas it is delayed in the jaw opening hoc test P = 0.031; Figures 2C, 4A and 7C ). This reveals that maximum extension of the 4 9 7 forelimb at the elbow joint is synchronized with the instant of jaw opening for the capture 4 9 8 of newborn abd adult mice whereas it is synchronized with maximum gape for the The effects of prey length and prey mobility on the latency of neck and forelimb movements with respect to jaw opening were analyzed for each prey type separately. Prey length has no effect on the latency of neck elevation, the latency of minimum analysis. In contrast, prey mobility, described by the maximum velocity of the prey angle in grasshoppers and adult mice (r = 0.512, P = 0.021, and r = 0.600, P = 0.039, 5 1 0 respectively; Figure 8A ). This shows that forelimb flexion is delayed closer to maximum 5 1 1 gape and predator-prey contact for the capture of quick prey (see Figure 4C ). This late Pearson's correlation coefficients associated with each correlation are significantly However, the difference between the slopes of the correlation associated with each prey approaches significance (t = -1.640, P = 0.056), suggesting that the latency of elbow ( Figure 8A ). This shows that the effects of prey mobility on jaw-forelimb coordination are indicating that the capture of small and quick prey is characterized by the earlier 5 2 3 extension of the forelimb at the elbow joint. In accordance with our predictions, our data show that varanid lizards use a specific 5 2 7 jaw-neck coordination pattern for the capture of different prey items that vary in length 5 2 8
and mobility (Figures 3 and 7) . Strikes on grasshoppers (small evasive prey) have more in common with the strikes on live adult mice (large evasive prey) than with the strikes concomitantly ( Figure 6A ). The capture of grasshoppers is significantly quicker and (Table 1 ). The neck rises above its rest position to reach its maximum elevation before as much as during the strike on small prey (immobile or evasive ones; Figure 3B ).
4 4
Flexion of the forelimbs is also observed during the strikes on live adult mice, although it is not followed by a quick extension ( Figures 3C and 7C ). In this case, forelimb flexion is on the ground, limiting the potential for prey escape after the strike. To capture small motionless prey like newborn mice, the strike is different in that it is supported by the extension of the forelimb at the elbow joint ( Figure 3BC and 7B). During the jaw opening phase, the neck lowers and the forelimbs flex to drop the head The strike on dead adult mice is the most singular among the strike strategies observed 3B and 7ABC), but that its duration is extended for the capture of large immobile prey to and forward towards the prey item. Within this repertoire of strike strategies, the jaw-neck-forelimb coordination pattern is properties tested here, prey mobility appears to be a defining parameter, over the size hand, predator-prey distance at which the predator stops before initiating the strike (i.e., before opening the jaws) is greater for both types of evasive prey than for any type of immobile prey (see Table 1 ). This indicates that varanid lizards are able to make the targeting an evasive prey, keep approaching closer to the target as long as no 5 7 4 movement is displayed ( Figure 9 ). This demonstrates how prey mobility is key illustrates the importance of sensory feedback from visual cues and chemoreception
during the approach of varanid lizards in order to assess the risk of prey escape 5 7 8 (Cooper, 1989; Garrett et al., 1996; Kaufman et al., 1996; Cooper and Habegger, 2001 ; On the other hand, our data demonstrate how flexibility of jaw-neck-forelimb integration movements, but rather involves the flexibility of the integration pattern coupling the feeding and locomotor movements. This suggests that the motor control responsible for investigated. Furthermore, our results show that jaw-forelimb integration is flexible in response to the 5 9 9 maximum velocity of the prey during the approach of the predator (i.e., prior to the 6 0 0 strike; Figure 8A ). When striking on very active prey, varanids alter the jaw-forelimb 6 0 1 coordination pattern so that forelimb flexion is delayed in the jaw opening phase (i.e., 6 0 2 closer to maximum gape; Figure 8A ). Because the jaw-forelimb integration pattern is of the forelimb that thrusts the head of the predator forward onto the prey.
Consequently, the delay of the flexion ( Figure 8A ) coupled with the early extension 6 1 1 ( Figure 8B ) of the forelimb at the elbow joint reveals a quicker extension that is 6 1 2 proposed to enhance head velocity during the strike. Jaw-neck-forelimb integration during prey capture in varanid lizards is flexible in 6 1 5 response to both the mobility and the size of evasive prey, suggesting that the motor 6 1 6 control responsible for the coordination of jaw, neck and forelimb movements can be 6 1 7 modulated. Indeed, our data demonstrate that different jaw-neck-forelimb coordination 6 1 8 patterns are used during the capture of small versus large prey ( Figures 6A, 7 and 8A).
First, because prey length is constant throughout the feeding sequence, varanids are 6 2 0 likely able to assess the length of the prey while approaching it and select a particuliar 6 2 1 jaw-neck-forelimb integration pattern before the strike (i.e., feed-forward modulation). Most importantly, jaw-neck forelimb coordination appears to be an essential varanids first assess the mobility of the target prey (i.e. the escape risk; see Gaalema, 6 2 5 2011), followed by an assessment of its size ( Figure 9 ). Given that prey mobility is a 6 2 6
parameter that cannot be anticipated during a single prey capture trial, varanids may 6 2 7
rely on sensory-driven feedback modulation to adjust the jaw-neck-forelimb integration responsible for the sensory control of locomotor-feeding integration is a promising 6 3 0 research direction for our understanding of feeding behavior in vertebrates. Previously, the functional consequences of an omnivorous diet have been mainly 6 3 3 documented as the flexibility in the movements of the feeding structures (i.e., the jaws, 6 3 4 the tongue, the hyobranchial apparatus; e.g., Liem, 1978; Herrel et al., 1999) . Even vertebral column (at least in the cervical region) has also been reported in an on prey items that vary in their physical and mechanical properties, especially mobility 6 4 0 (Figure 9 ). This finding may be critical to understanding dietary specialization. Indeed, lizards are specialized for feeding on 'hard to catch' prey (Losos and Greene, 1988) .
Given the strong effects of prey mobility on jaw-neck-forelimb coordination (see stemming from food properties may not be restricted to the feeding system only, but
rather act at the whole-organism level, selecting for patterns of locomotor-feeding 6 5 6 integration flexible enough to respond variation in prey mobility. Athens, OH, USA, supported by NSF grant MRI DBI-0922988. We would like to thank 6 6 4 two anonymous reviewers for their comments and suggestions on the first version of the 6 6 5 manuscript. We would also like to thank Susan H. Williams at OU-HCOM for her for his suggestions about data analysis. We also thank ANR project Kameleon (ARA 05-
MMSA-0002 'Masse de Données') which provided the opportunity to use the 6 6 9 synchronized camera set-up at the Plateau Technique 'Biologie des Organismes' (dpt 
( S a n t a n a , 
( 1 prey items was measured prior to being offered using a digital calliper. Prey mobility is represented by the maximum velocity of the prey item during the predator's approach.
7 9
Maximum prey velocity was extracted from the 3D displacement of the point digitized at Table 1 . Summary of the kinematic variables associated with jaw movements, neck elevation and forelimb flexion-extension at the elbow joint during prey capture behavior of Varanus niloticus and V.ornatus. The capture of four different prey types varying in length and mobility were recorded (see Figure 2) . N represents the number of sequence analyzed. 0.9 ± 3 -2.6 ± 2.6 -4.2 ± 3.4 6.8 ± 7.1
Strike performance
Predator-prey distance at jaw opening (cm) 12.84 ± 1.39 7.68 ± 0.32 9.05 ± 0.78 8.52 ± 0.62 Maximum head velocity during the strike (cm.sec 103.3 ± 8.9 61.4 ± 8.0 101.7 ± 11.8 47.0 ± 6.0 Table 3 . Summary of the prey type effects on jaw and forelimb kinematics for each individual. Analyses of variance performed on the multivariate factors (see Table 2 ) reveal that the prey type x individual interaction term is significant on the Jaw factor and on Elbow factor 2, indicating different prey type effects in each individual. Consequently, prey type effects were tested for each individual separately, and the significant Bonferroni's post-hoc tests are reported here to identify which prey type differs from the others. 
